ABSTRACT Pattern-and frequency-reconfigurable antennas are developed using metalized liquid crystalline elastomers that can change their geometries from flat to helical shapes. The pitch angle and the number of turns in this transformation are controlled by temperature. An external heat source is applied to reshape the geometry of these antennas, thereby reconfiguring their performance. The antennas are characterized using simulations and measurements.
I. INTRODUCTION
Reconfigurable antennas can change their performance in order to support different services. They are particularly useful for applications in aerospace where space is limited. Reconfigurable antennas have previously been designed and fabricated employing shape memory alloys (SMAs) and solid-state switches (i.e., pin diodes, RF switches, etc.) [1] - [3] . Reconfigurable antennas can alter the performance characteristics, i.e., steer their pattern, place a null in their pattern, switch from right-hand to lefthand circular polarization, and/or change their operating frequency [4] .
In this paper, we report on reconfigurable antennas employing liquid crystalline elastomers (LCEs). LCEs are anisotropic polymers that maintain orientational and/or positional order referred to as the nematic or smectic phases. Upon heating, nematic LCEs (those studied here) undergo a phase transition to an isotropic (paranematic) state which is accompanied by a large strain parallel to the nematic director. Adhering thin metal layers to the LCE films yields reconfigurable antennas that can change their electromagnetic performance.
A. LIQUID CRYSTAL ELASTOMERS (LCEs)
Actuation of liquid crystalline elastomers (LCEs) has some potential advantages compared to shape memory alloys (SMAs) including a considerable increase in the magnitude of shape deformation as well as simpler processing [5] , [6] . The stimuli-induced response is reversible wherein the 3-dimensional shape restores to the 2-D flat shape after removal of the stimuli. Heat is the most common stimulus for directing shape change in LCEs.
The magnitude and direction of the thermomechanical response are controlled by the orientation of the nematic director to the film geometry. Hierarchical variation in the orientation of the nematic director through the thickness of an LCE film is commonly referred to as the twisted nematic (TN) orientation (illustrated shown in Fig. 1 ). The orientation generates large deflection when subjected to thermal or optical stimuli due to the cooperation of the front and back surfaces. The orientation of the nematic director naturally generates a gradient through the film's thickness; which leads to gradients in the induced strain when the film is heated, changing the overall shape. Offsetting the alignment of the director to the principal axes of the sample results in shear that yields a three-dimensional torsional deformation [7] - [9] . On the front surface (FS) of the substrate, the largest magnitude contraction occurs along the orientation angle. On the back surface (BS) of the substrate, the contraction is offset 90 • from the orientation angle [9] . The handedness of the twisting is controlled by the material's chirality across the LCE thickenss. When the nematic director rotates from a negative angle to a positive angle through the film thickness, an originally flat LCE spontaneously forms a lefthanded (LH) helix upon heating. When the nematic director rotates from a positive angle to a negative angle through the film thickness, the originally flat LCE spontaneously forms a right-handed (RH) helix upon heating.
To prepare LCEs in the TN orientation, a monomer mixture is initially melted to isotropic state for homogenous mixing on a glass substrate coated with an Elvamide film, then cooled into the nematic phase and photopolymerized after a chain-extension reaction, as described previously [11] . The thickness of the LCE used in our studies is 50 µm. LCE samples were prepared to genearte both RH and LH spirals. The sample strips are 18 mm long by 2 mm wide. Fig. 2 shows the variation of the nematic director within the two strips and their corresponding helices. Specifically, in Fig. 2 (a) , the nematic director rotates from +60 • (FS) to −30 • (BS) when it is heated at 130 • C above the glass transition temperature (T g ) and it forms a RH helix. This orientation will be represented as represented as +60 • /−30 • . In Fig. 2(b) , the nematic direction rotates from −60 • (FS) to +30 • (BS) when it is heated at 130 • C and it forms a LH helix. This nematic director will be represented as −60 • /+30 • .
Due to the substantial mismatch of the coefficient of thermal expansion (CTE) between FS and BS above the glass transition temperature of the polymer (T g ) [12] the tightness of the spiraling can be controlled by temperature [8] . Fig. 3 illustrates the number of turns versus temperature for two LCE strips: one that produces a left-handed (LH) helix and one that produces a right-handed (RH) helix. Fig. 3 shows that, as the temperature increases, the number of turns increases. The external heat source varies the temperature of the LCE film from 30 • C to 150 • C. Notably, the LH twisting LCE strips achieve a larger number of turns, than the RH ones for the same temperature. The asymmetric response is also observed from other literature [13] . In Fig. 4 , the inverse VOLUME 4, 2016 FIGURE 5. LCE with aluminum showing the different stages of the polymer changing its structure due to the increased temperature. of the pitch angle for the RH and LH strips is plotted versus temperature. As the temperature increases, the LH pitch angle increases more rapidly than the RH.
In order to form antennas using these LCE strips, a thin aluminum layer is attached using optical glue to the LCE. In this bi-strip, the thickness of the polymer is 50 µm, which is considerably larger than the thickness of the aluminum layer (1.8 µm). To prepare the antennas, the LCE films were spin-coated with a thin layer of Norland optical adhesive #75 and immediately attached to 1.8 µm thick Aluminum (Geisnote). After UV curing the optical glue (∼5 min), the film was cut into strips 20-30 mm in length and 2-3 mm in width. Once the aluminum was attached to the polymer, experiments were conducted to confirm that the nascent thermomechanical response of the LCEs illustrated in Fig. 2-4 is not affected by the thin aluminum layer. Fig. 5 shows an LCE strip, which has aluminum attached to it, reshaping itself at different temperatures. The aspect ratio (i.e., length/width) of the LCE strips had to be large enough to achieve the shape transformations that are of interest, such as, helices or spirals. The aspect ratio used in all the films in this paper ranges from 8.5 to 9.
II. RECONFIGURABLE ANTENNAS BASED ON LCEs
A pattern-reconfigurable antenna and a frequencyreconfigurable antenna are proposed here based on LCEs laminated with an aluminum layer. The patternreconfigurable antenna can reshape itself at different temperatures to radiate: (1) omnidirectionally when it is straight, and (2) directionally when it is coiled into a helix due to heating. On the other hand, the frequency-reconfigurable antenna can change its number of turns at varying temperatures to radiate directionally at different frequencies. These reconfigurable antennas were simulated using ANSYS HFSS and the simulation models are shown in Figs. 6-7 .
The first antenna proposed here is a pattern-reconfigurable antenna (i.e., reconfigures its radiation pattern) that was built using an LCE with aluminum strip, which was cut at an orientation with nematic director 70 • /-20 • . This LCE with aluminum strip is 17 mm long and 2 mm wide. The ground plane is a square with side lengths of 15 mm cut from a double-sided copper FR-4 substrate (ε r = 4). Both of the ground plane sides are connected to the outer conductor of the SMA bulkhead connector and function as ground. The dimensions and configuration of the bulkhead connector are shown in Fig. 8 [14] . The copper thickness of each side of the substrate is 0.035 mm. The substrate is 1.5 mm thick and an LPKF ProtoMat S103 was used to fabricate the ground plane. Conductive silver epoxy was used to electrically connect the LCE strip to the feed line of the 50 SMA bulkhead connector that is connected to the ground plane, as shown in Fig. 9 . The epoxy needed to be cured under room temperature for approximately 4 hours.
The second antenna proposed here is a frequencyreconfigurable antenna that uses an LCE with the aluminum strip cut at an orientation with nematic director 60 • /−30 • . This LCE strip is 18 mm long and 2 mm wide and it is attached to the SMA bulkhead connector (see Fig. 10 ) using epoxy. The side length of the square ground is 18 mm. The square ground was cut from the same double-sided copper FR-4 substrate as the first antenna.
The side lengths of the square ground planes for these two antennas are selected so that: (a) the omnidirectional radiation of the straight LCE strip is not negatively affected, VOLUME 4, 2016 and (b) the directional gain of the LCE antennas is enhanced at the coiled states.
Specifically, the pattern-reconfigurable antenna is designed to radiate: (a) omnidirectionally at the straight state, and (b) directionally at the 1.1-turn helical state. However, the frequency-reconfigurable antenna is designed to radiate directionally at different frequencies as the LCE antenna morphs from 0.5-turn loop to 1.5-turn helix for different temperatures.
The temperatures at which the different states of these two antennas reconfigure themselves are listed in Table 1 . The heat was uniformly applied by wrapping an insulated heat-tape around a 400 ml PYREX beaker that enclosed the antenna. The temperature was measured using a temperature probe alongside the antenna.
III. SIMULATED AND EXPERIMENTAL RESULTS
The metallic heat-tape that was used to heat the LCE antennas affects the antenna performance. Therefore, in order to measure these antennas, the LCE strips were fixed in their different states. The supports were 3-D printed using polylactic acid (PLA) with a relative permittivity (ε r ) of 3.2 [15] . These supports were used to fix the antennas in different states after they had reshaped themselves in response to different temperatures. Return-loss measurements were taken using a vector network analyzer (E5071C, Agilent Technologies). All the radiation pattern and gain measurements were conducted using a StarLab antenna measurement system.
A. PATTERN-RECONFIGURABLE LCE ANTENNA
The fixed straight state of the pattern-reconfigurable LCE antenna is shown in Fig. 11 (a) . When this LCE antenna is heated to 92 • C, it self-coils to a 1.1-turn helical state, and it was fixed with a PLA support as shown in Fig. 11 (b) . The simulated and measured S 11 for the straight and 1.1-turn helical states are shown in Fig. 12 accordingly.
The purpose of this section is to illustrate that this LCE antenna can reconfigure its radiation pattern from omnidirectional to directional as it changes states (i.e., from straight state to 1.1-turn helical state). Therefore, the operating frequencies of the two states are picked based on the radiation pattern performance and not based on the S 11 nulls shown in Fig. 12 . The operating frequencies of the two states are respectively 4.9 GHz and 14.04 GHz, as denoted by triangles in Fig, 12 . Also, Fig. 12 illustrates the 3D patterns of the antenna at the two different states. Specifically, the operating frequency of the straight state is picked to be 4.9 GHz as it was found through our measurements that the best omnidirectional pattern is achieved at this frequency with a return loss of 8.5 dB and maximum measured realized gain of 1.7 dB, as shown in Figs. 12 (a) and 13 (a) . Also, the operating frequency of the 1.1-turn helical state is picked to be 14.04 GHz as it was found through our measurements that the best directional pattern is achieved at this frequency with the lowest side lobes, as shown in Fig. 12 (b) . The 1.1-helical turn state exhibits a return loss of 6.6 dB at 14.04 GHz, which does not correspond to the null of S 11 , as shown in Fig. 12 (b) ; however, at 14.04 GHz, this antenna exhibits directional pattern with a maximum measured realized gain of 6.6 dB, as shown in Figs. 12 (b) and 13 (b) . The return loss of both antenna states can be increased by adding matching networks. However, this was not implemented in this paper, because the goal of this work is to illustrate that this LCE antenna can reconfigure its radiation pattern. The radiation patterns of Fig. 13 clearly illustrates that the LCE antenna of Fig. 9 is able to change its shape (i.e., reshape itself) in response to heat, which in turn changes its radiation pattern from omnidirectional to directional. Fig. 14 compares the measured radiation patterns of the two states at 4.9 GHz and 14.04 GHz. The following can be concluded from Fig. 14: (a) the straight state (achieved at 30 • C) exhibits a significantly better omnidirectional pattern than the 1.1-turn helical state (achieved at 92 • C), and (b) the 1.1-turn helical state (achieved at 92 • C) exhibits a significantly better directional pattern toward zenith at 14.04 GHz than the straight state (achieved at 30 • C). These data are summarized in Table 2 . 
B. FREQUENCY-RECONFIGURABLE LCE ANTENNA
In order to measure the two states of the frequencyreconfigurable antenna shown in Fig. 10 (namely 0.5-turn loop and 1.5-turn helix) the states were fixed, as shown in Fig. 15 , after the LCE antenna morphed itself at 80 • C and 104 • C. The simulated and measured S 11 for the two states are shown in Fig.16 . All patterns of the two states were measured by a StarLab antenna measurement system. The operating frequencies of the two states were picked by measuring their radiation patterns and finding the frequencies where their patterns were directional toward the zenith and exhibited the lowest side-lobe level. Specifically, the operating frequencies of the 0.5-turn loop and 1.5-turn helix were picked to be 12 GHz and 10.7 GHz, respectively, as denoted by the triangles in Fig. 16 .
The S 11 and realized gain of this LCE antenna at the operating frequencies of the two states are shown in Table 3 . The elevation radiation patterns of the two states are shown in Fig.17 at their corresponding frequencies. Fig. 17 and Table 3 illustrates that this LCE antenna exhibits directional patterns at both states and can operate at either: (a) 12 GHz with a measured gain of 5.37 dB towards the zenith of the 0.5-turn state, or (b) 10.7 GHz with a measured gain of 3.53 dB towards the zenith of the 1.5-turn helical state. The higher realized gain can be possibly achieved at 10.7 GHz with a matching network. However, this was not implemented in this paper because the goal of this work is to illustrate that this LCE antenna can reconfigure its frequency of operation by reshaping itself when it is heated. Also, based on the measured axial ratio shown in Table 3 , this LCE antenna is linearly polarized for both states. Fig. 18 compares the elevation-plane radiation patterns of the two states at their corresponding two operating frequencies. Fig. 18 clearly shows the following: (a) the 0.5-turn loop exhibits at its own operating frequency of 12 GHz a higher gain than the 1.5-turn helix, and (b) the 1.5-turn helix exhibits at its own operating frequency of 10.7 GHz a higher gain and lower side-lobe level than the 0.5-turn loop. Therefore, at its operating frequency each state of the LCE antenna outperforms the other state in terms of gain and side-lobe level. These data are also summarized in Table 4 . The radiation patterns shown in Fig. 18 and the data in Table 4 clearly illustrate that the LCE antenna of Fig. 10 is able to change its shape (i.e., reshape itself) in response to heat and shift its operating frequency from 12 GHz to 10.7 GHz.
IV. CONCLUSION
The thermally induced mechanical responses from the liquid crystal elastomers (LCEs), attached to a metal layer, are used herein to generate reconfigurable antennas that are tuned by external thermal stimuli. This is possible by programming the material's anisotropy, orientation and alignment to dictate the response. The shape change from flat to helical is shown to reconfigure either the radiation pattern and/or frequency of operation. Two different designs were developed. The first LCE antenna design achieved pattern-reconfigurability by changing its shape from straight to a 1.1-turn helix, which in turn changed its pattern from omnidirectional to directional. The second LCE antenna design achieved frequencyreconfigurability by changing its shape from a 0.5-turn loop to a 1.5-turn helix, which in turn changed its frequency of operation from 12 GHz to 10.7 GHz. LCE antennas are promising for the development of dynamically reshapable and reconfigurable antennas [16] . Future research of these antennas will further their capabilities in terms of maximum antenna length, dynamic reshaping, LCE design for different antenna shapes, and heating mechanisms.
